In this paper, a system composed of two pairs of two-level atoms and a multimode-vacuum field is considered. In our model, either pair contains two atoms that are assumed to be set close. We propose a disentanglement-free state of the two pairs of two-level atoms. It is remarkable that when the two pairs, initially in such a state, fly apart an arbitrary distance, the state will undergo no decoherence. By means of such a state, we can prepare the perfect Einstein-Podolsky-Rosen pair shared by two ''distant'' parties and realize long-distance entanglement swapping. Finally, a method for preparing such a disentanglement-free state is presented. ͓S1050-2947͑99͒00806-9͔
I. INTRODUCTION
Physicists have been puzzled continually by the often counterintuitive predictions of theory since quantum mechanics was founded. The most peculiar aspect is entanglement. This term ''entanglement'' is used for states of composite systems that cannot be separated into the product of states of the subsystems. Entanglement implies the correlation between separated subsystems and indicates the phenomenon of quantum nonlocality. Some intriguing proofs of nonlocality have been given using ͓1͔ or not using ͓2,3͔ Belltype inequalities ͓4͔. Recently, people have devoted much attention to the application of the entangled states in quantum computation ͓5,6͔ and quantum cryptography ͓7,8͔, as well as quantum teleportation ͓9-11͔, and so on ͓12,13͔.
It is well known that the quantum teleportation protocol described in Ref. ͓14͔ has the following form. To teleport an unknown quantum state of one spin-1 2 particle from the sender Alice to a distant receiver Bob, the sender Alice should first generate an Einstein-Podolsky-Rosen ͑EPR͒ pair ͑i.e., two spin-1 2 particles in the maximum entangled state͒. One of the particles of that EPR pair remains with the sender Alice while the second one is sent to the distant receiver Bob. Alice performs a joint Bell-state measurement on the particle in the unknown state to be teleported and on her particle from the EPR pair, thus obtaining classical information. Because of the nonlocal correlations inherent in the EPR pair, the measurement outcome uniquely determines the resulting state of the second particle in the EPR pair sent to Bob. The state of the second particle coincides with the unknown state within a unitary rotation. Classical information obtained in the measurement is sent by Alice to Bob and is used by the latter to determine which unitary transformation should be performed to obtain a new state identical to the original unknown state. From such quantum teleportation protocol, it is clear that there exists a necessary condition, i.e., when the receiver Bob receives the second particle, the second particle and the first particle must remain in the EPR state. However, if no extra operations are performed, such shared EPR pairs cannot be obtained because the dissipative effects of the environment will degrade the quality of the entanglement between two particles in the course of sending the second particle to the receiver Bob. Recently, people have proposed entanglement purification protocols ͓15,16͔ ͑i.e., two distant parties can distill a certain number of shared EPR pairs from a large number of shared but less entangled pairs of particles by local actions and classical communication͒. These schemes are very important in implementing faithful teleportation. In this paper, based on the method of preserving coherence by pairing qubits ͓17͔, we propose a disentanglement-free state of the two pairs of two-level atoms interacting with a multimode-vacuum field ͑the disentanglement-free state is actually an entangled state that does not undergo decoherence during the evolution͒. It is interesting to note that when the two pairs, initially in such a state, fly apart an arbitrary distance, no decoherence occurs, although the atomic system interacts with a multimodevacuum field. This distinguishing feature leads to the fact that such a state can be used to prepare the perfect EPR pair shared by the above-mentioned two distant parties. In addition, it is shown that this state can also be used to realize long-distance entanglement swapping. This paper is organized as follows. In Sec. II, we propose a disentanglement-free state of two pairs of two-level atoms. In Sec. III, we propose a scheme for generating the EPR pair shared by two distant parties and we also discuss longdistance entanglement swapping. In Sec. IV, the method for preparing such a disentanglement-free state is presented. A concluding summary is provided in Sec. V.
II. DISENTANGLEMENT-FREE STATE
We consider a system composed of four identical twolevel atoms and a multimode-vacuum field. The four atoms are distributed over a space whose dimension is much larger than the radiation wavelength. Under the rotating-wave approximation and in the Schrödinger picture, the system can be described by the following Hamiltonian ͓18͔: 
where X ជ i is the position vector of the ith atom and k ជ is the wave vector; a k ជ † and a k ជ are the photon creation and annihilation operators of the k ជ mode and k ជ is the corresponding frequency; 0 is the transition frequency between the two levels of each atom; R i ϩ , R i Ϫ , and R 3i are the rasing, lowering, and population inversion operators of the ith atom; and g k ជ ϭ(ប k ជ /2 0 V) 1/2 P 12 is the coupling constant, where P 12 is the transition dipole moment and V is the normalization volume in which the field is quantized.
In the Schrödinger picture, the evolution of the whole system is given by
where ͉0͘ is the initial vacuum state of the multimode field and ͉⌿͘ a is the initial state of the atomic system. In what follows, our purpose is to propose a disentanglement-free state ͑i.e., the entangled state that does not undergo decoherence during the evolution͒. We divide the above four atoms into two pairs, and make atoms 1 and 2 one pair while atoms 3 and 4 constitute the other pair. The two atoms in either pair are assumed to be set close, but such pairs are allowed to be arbitrarily far apart. Assume that atoms 1 and 2 are in the EPR singlet state while atoms 3 and 4 are both in the ground states. Then the state of the two pairs of two-level atoms is
where ͉e͘ and ͉g͘ represent the excited and ground states, respectively, and the subscripts 1, 2, 3, and 4 are the first, second, third, and fourth atoms. On the other hand, if atoms 3 and 4 are in the EPR singlet state while atoms 1 and 2 are both in the ground state, the state of the two pairs of twolevel atoms is given by
We should note that due to the fact that the state Eq. ͑6͒ or Eq. ͑7͒ is the product of states of the two pairs of two-level atoms, the two pairs in the state Eq. ͑6͒ or Eq. ͑7͒ are not entangled, i.e., only one pair is entangled in each case. 
where ͉⌿͘ a Ј is the entangled state Eq. ͑8͒. Due to the abovementioned assumption that the two atoms in either pair are set close, it is clear that Eq. ͑11͒ reduces to the following expression:
H aϪ f ͉⌿͘ a Ј͉0͘ϭ0.
͑12͒
From Eqs. ͑1͒, ͑9͒, ͑10͒, and ͑12͒, we have
and from Eq. ͑13͒ it follows that
where m is an arbitrary integer from 0 to ϱ. Then, substituting Eq. ͑14͒ into Eq. ͑5͒, we finally get
͑15͒
From Eq. ͑15͒, we find that in the evolution of the whole system, the multimode field always remains in the vacuum state, i.e., the initial energy within the atomic system is completely trapped all the time; moreover, for the atomic system, the state e i 0 t ͉⌿͘ a Ј of the atomic system at any time t is the same as the initial state ͉⌿͘ a Ј , i.e., the initial entangled state ͉⌿͘ a Ј cannot be destroyed or the correlation properties between two pairs of two-level atoms will not change at any time. These results show that the entangled state Eq. ͑8͒ is just a disentanglement-free state of the two pairs of two-level atoms. On the other hand, it should be mentioned that in the course of deriving Eq. ͑15͒, we have only assumed that the two atoms in either pair are set close but we have not set a limit on the distance between the two pairs; hence, the entangled state Eq. ͑8͒ is always a disentanglement-free state no matter how far the two pairs are separated in space; i.e., when the two pairs, initially in the entangled state Eq. ͑8͒, fly apart by arbitrary distance, no decoherence occurs, although each atom interacts with the multimode-vacuum field.
The above results can be easily understood. On the one hand, the state Eq. ͑6͒ or Eq. ͑7͒ will not change at any time due to the fact that the EPR singlet state of the two atoms is a Dicke trapping state in the case where the distance between the two atoms is much smaller than the radiation wavelength ͓19,20͔, as well as due to the fact that the other two atoms initially in the ground state will always remain in their initial ground state because the multimode field is initially in the vacuum state. On the other hand, the initial entangled state Eq. ͑8͒ is a superposition of the state Eq. ͑6͒ and the state Eq. ͑7͒. Based on these two conditions, it is clear that the entangled state Eq. ͑8͒ will also not change at any time, i.e., the entangled state Eq. ͑8͒ is a disentanglement-free state of the two pairs of two-level atoms.
Finally, from Eq. ͑8͒, it is clear that either pair has two statuses, i.e., the two atoms in either pair are both in the ground state with 50% probability or one of the two atoms is in the excited state and the other is in the ground state with 50% probability. Moreover, if the two atoms in one pair are both detected in the ground states, one of the two atoms in the other pair must be in the excited state and the other must be in the ground state. Hence, the pair-pair correlation properties of the two entangled pairs in the entangled state Eq. ͑8͒ are similar to the correlation properties of the two spin-1/2 particles in the EPR singlet state.
III. PREPARATION OF LONG-DISTANCE EPR PAIR AND REALIZATION OF LONG-DISTANCE ENTANGLEMENT SWAPPING
In this section, using the above disentanglement-free state Eq. ͑8͒, we will give a scheme for generating the EPR pair shared by two distant parties and we will discuss how to realize long-distance entanglement swapping.
A. Preparation of a long-distance EPR pair
Consider two distant parties, e.g., Alice and Bob. We assume that the sender Alice first holds the two pairs of two-level atoms in the entangled state Eq. ͑8͒. Then Alice sends one pair ͑e.g., atoms 3 and 4͒ to the distant receiver Bob via a noise quantum channel (Tϭ0). In Sec. II, we have shown that when the two pairs are spatially separated by arbitrary distance, the entangled state Eq. ͑8͒ is always a disentanglement-free state, although the atomic system interacts with the multimode-vacuum field ͑i.e., the environment for Tϭ0). Hence, when Bob receives the pair consisting of atoms 3 and 4, the two pairs are still in the entangled state Eq. ͑8͒. Assume that Alice and Bob perform their respective single-atom local measurements. After performing their respective measurements, they coordinate their actions through a classical channel. From Eq. ͑8͒, we find that if the two atoms ͑e.g., atoms 1 and 3, atoms 1 and 4, atoms 2 and 3, or atoms 2 and 4͒ detected by Alice and Bob are both in the ground state, the entangled state Eq. ͑8͒ collapses into the following states: The above scheme may be useful in two ways. First, one can easily see from Eq. ͑16͒ that the prepared EPR pair is perfect. Second, Eq. ͑8͒ shows that the probability of Alice and Bob detecting both atoms ͑atoms 1 and 3, atoms 1 and 4, atoms 2 and 3, or atoms 2 and 4͒ in the ground state is 50%, and therefore the efficiency of preparing the EPR pair from the above two pairs can reach 50%.
B. Realization of long-distance entanglement swapping
In Ref. ͓21͔, Zukowski et al. have proposed entanglement swapping of two particles known to us. Based on this method, our main aim in this subsection is to show that we can realize long-distance entanglement swapping by means of the disentanglement-free state Eq. ͑8͒ of the two pairs of two-level atoms.
We consider three distant parties, e.g., Alice, Bob, and Carol. Assume that the sender Alice first holds four pairs of two-level atoms ͓the two pairs I and II in the entangled state Eq. ͑8͒ plus the other two pairs III and IV in the entangled state Eq. ͑8͔͒. Then Alice sends pair II and pair IV to the distant receivers Bob and Carol, respectively, via two-way noisy quantum channels (Tϭ0). According to the description in the preceding subsection, it is clear that the two EPR pairs ͑one shared by Alice and Bob, and the other shared by Alice and Carol͒ can be prepared from the two pairs I and II and the other two pairs III and IV, respectively. It should be mentioned that our result in the following is independent of the EPR states the two EPR pairs are in. Suppose that the two prepared EPR pairs are both in the following EPR singlet state: From Eq. ͑20͒, it is clear that after Alice performs the Bell-basis-state measurements on atoms 1 and 3, the other two atoms 2 and 4 will collapse into the corresponding EPR states, i.e., the initial maximum entanglement of two distant atoms 1 and 2 with the initial maximum entanglement of two distant atoms 3 and 4 is swapped into the maximum entanglement of two distant atoms 2 and 4, which do not share any common past.
͉⌿͘
Recently, Bose, Vedral, and Knight ͓22͔ have generalized entanglement swapping to the multiparticle case. By means of the multiparticle entanglement swapping, the disentanglement-free state Eq. ͑8͒ can also be used to set up entanglement between many two-level atoms belonging to N distant users in a communication network.
͑2͒ Second, we send the two pairs of atoms at the same velocity simultaneously. The two pairs then go through cavities C1 and C2, respectively. We choose the appropriate velocity ϭL/t ͑L is the length of each cavity and t is the atom-field interaction time͒ so that the atom-field interaction time can satisfy ͱ2gtϭ/2. After the two pairs exit their respective cavities, the state of the whole system is ͉͘ 3 ϭ 1 ͱ2 ͭ 
͑27͒
͑3͒ Third, we let atom 5 initially in the ground state pass through the cavities C1 and C2 in sequence and select its velocity appropriately so that the time to pass through each cavity can satisfy gtϭ/2 for cavity C1 and gtϭ3/4 for cavity C2. After it exits cavity C2, the whole system ends up with the state It is clear that the state Eq. ͑29͒ is just the disentanglementfree state Eq. ͑8͒ of the two pairs of two-level atoms. Now let us discuss the experiment feasibility of our scheme. We can choose atoms with a sufficiently long spontaneous-emission decay time, for example, two-level Rydberg atoms ͓10,23,24͔ so that the spontaneous decays of the atoms can be negligible during the time the disentanglement-free state Eq. ͑8͒ is prepared, and so that the detection can be carried out with high efficiency. On the other hand, we can also select high-quality cavities and shorten the atom-field interaction time by increasing the coupling constant g so that the cavity dissipation can be negligible within the time of the whole preparation.
V. CONCLUSION
In this paper, a system composed of the two pairs of twolevel atoms and a multimode-vacuum field has been considered. We have proposed the disentanglement-free state Eq. ͑8͒ of the two pairs of two-level atoms and the method for preparing such a disentanglement-free state has been presented. It is interesting to note that when the two pairs, initially in the disentanglement-free state Eq. ͑8͒, fly apart by arbitrary distance, no decoherence occurs, although each atom interacts with the multimode-vacuum field. We have shown that the disentanglement-free state Eq. ͑8͒ can be used to prepare the perfect EPR pair shared by two distant parties and to obtain long-distance entanglement swapping. Our analysis remains at a theoretical level. In the end, based on the pair-pair correlation properties, we think that the disentanglement-free state Eq. ͑8͒ may perhaps be used in quantum cryptography and quantum superdense coding as well as quantum-nonlocality testing, which we will investigate in future papers.
